Introduction
The Sigma-1 receptor (S1R) is a stress and ligand-regulated, endoplasmic reticulum chaperone protein that shuttles lipids and proteins to the plasma membrane (Su et al., 2010) . Its ability to modulate the actions of neurotransmitter receptors, ion channels and kinases helps to explain its involvement in the regulation of diverse processes such as neuroprotection, neurorestoration, neuroplasticity, and the release of neurotransmitters (Kourrich et al., 2012; Ruscher and Wieloch, 2015; Su et al., 2010; Zheng, 2009 ). The S1R is widely distributed throughout organs of the body and in the CNS (Walker et al., 1990) . High densities are found in brain tissue, including the prefrontal and parietal cortex and various limbic structures such as the olfactory bulb, the hypothalamus, and the hippocampus (Alonso et al., 2000; Hashimoto et al., 1995) .
Within the tissues of the nervous system, the S1R is located predominantly in the gray matter, including neurons (Alonso et al., 2000; Klette et al., 1995; Peviani et al., 2014) and a variety of glial cell types: astrocytes, microglia, Müller cells, oligodendrocytes and Schwann cells (Gekker et al., 2006; Hayashi and Su, 2004; Jiang et al., 2006; Palacios et al., 2003 Palacios et al., , 2004 Peviani et al., 2014; Robson et al., 2014) .
Numerous primary culture studies have demonstrated that different types of glial cells are capable of releasing brain-derived neurotrophic factor (BDNF) in response to neurotransmitter stimulation or inflammatory stress. This includes oligodendrocytes (Bagayogo and Dreyfus, 2009) , enteric glia cells (Hansebout et al., 2012) , Müller cells (Taylor et al., 2003) , astrocytes (Bejot et al., 2011; Chen et al., 2015a; Inoue et al., 1997; Jean et al., 2008; Miklic et al., 2004; Qu et al., 2010; Toyomoto et al., 2004; Wu et al., 2004; Zhang et al., 2012) , and activated microglia (Nakajima et al., 2001; Sun et al., 2014; Trang et al., 2009; Yang et al., 2012) . Increased levels of BDNF protein have been reported following chronic administration of S1R agonists, though these in vivo studies were not designed to evaluate cell types or secretion, but instead intracellular tissue levels of BDNF which likely reflects an increase in BDNF expression (Kikuchi-Utsumi and Nakaki, 2008; Peviani et al., 2014; Ring and Regan, 2013) . Recently, a novel S1R agonist was shown to stimulate BDNF release from astrocytes derived from rat primary cortical cultures (Malik et al., 2015) suggesting that the S1R may facilitate secretion of BDNF. To probe this possibility further we sought to develop a robust, higher throughput cellular model for evaluating S1R-mediated BDNF secretion from human-derived astroglia. The human astrocytic CCF-STTG1 cell line (Barna et al., 1985) was investigated for this purpose because these cells are noted for their similarity to native astrocytes (Mentz et al., 1999) , and, like primary astrocyte cultures, they had been reported to release BDNF when stimulated with prostaglandins thus providing us with a convenient positive assay control for BDNF secretion (Hutchinson et al., 2009; Toyomoto et al., 2004 ). An in situ ELISA approach (Balkowiec and Katz, 2000) was adopted in order to maximize the sensitivity and reproducibility of BDNF detection in a 96-well format.
Here we report for the first time that the human-derived astroglia express the S1R and facilitate BDNF secretion from these cells by activating this receptor. The S1R-mediated increase in extracellular mature BDNF occurred in the absence of any change in BDNF steady state mRNA levels. Remarkably, the two S1R-binding metabolites of haloperidol, known as reduced haloperidol and haloperidol metabolite I, were discovered to function as S1R agonists in the context of BDNF secretion, even though the parent compound haloperidol, which is a well-known S1R antagonist, does not.
Materials and methods

Chemicals and reagents
Compounds were purchased from the following sources: BD1063, 4-PPBP, and PF-04418948 from Tocris Biosciences (Minneapolis, MN); Haloperidol from Santa Cruz Biotechnologies, Inc. (Dallas, TX); Haloperidol metabolites I and II (4-(4-Chlorophenyl)-4-hydroxypiperidine and (±)-4-(4-Chlorophenyl)-a-(4-fluorophenyl)-4-hydroxy-1-piperidinebutanol, respectively) from Sigma-Aldrich (St. Louis, MO); Prostaglandin E 2 (PGE 2 ) from Cayman Chemical (Ann Arbor, MI). Radioligands were purchased from PerkinElmer: (FBS, Fisher Scientific, Pittsburgh, PA) , 100 mg/mL nonessential amino acids (Hyclone, Logan, UT), 2 mM L-glutamine (Sigma Sigma-Aldrich, St. Louis, MO), and 10 mg/L Bovine Insulin (SigmaAldrich, Sigma-Aldrich, St. Louis, MO). MCF-7 cells served as the source of human Sigma-2 receptors (S2R) as they express the S2R but lack detectable levels of the S1R (Schetz et al., 2007; Vilner et al., 1995) . MCF-7 cells stably expressing the human S1R (MCF-7-S1R) were prepared as described previously (Schetz et al., 2007) and kept under constant selective pressure with 100 mg/mL G-418 (Invivogen, San Diego, CA). The human astrocytic CCF-STTG1 and U87MG cell lines were purchased from the European Collection of Cell Cultures via Sigma-Aldrich (St. Louis, MO). CCF-STTG1 cells were cultured in RPMI 1640 supplemented with 10% (v/v) FBS (35), while U87MG cells were cultured in DMEM supplemented with 10% (v/v) FBS and non-essential amino acids (Corning, Manassas, VA). The microglial BV-2 cell line was provided as a gift from Elisabetta Blasi at the University of Perugia (Genoa, Italy) via Dr. Linda J. Van Eldik at the University of Kentucky (Lexington, KY) and were grown in DMEM:F12 (1:1) supplemented with 10% (v/v) FBS (Blasi et al., 1990) . All culture media were additionally supplemented by 100 IU/mL of penicillin and streptomycin (Corning, Manassas, VA) and 1 mM sodium pyruvate (Sigma-Aldrich, St. Louis, MO), and grown at 37 C under 95% air, 95% humidity, and 5% CO 2 .
Measurement of BDNF secretion via in situ ELISA
The amount of BDNF secreted from the glial cells was quantified using an in situ ELISA assay developed using the BDNF Emax ImmunoAssay kit (Cat. No. G7611, Promega, Madison, WI) . Briefly, a Nunc MaxiSorp flat-bottom, polystyrene, 96-well immunoplate was coated for 48 h at 4 C with an anti-BDNF monoclonal antibody diluted 1:1000 v/v in carbonate buffer containing 25 mM sodium bicarbonate and 25 mM sodium carbonate, pH 9.7. Unbound antibody was removed by washing 5 times with 150 mL of TBST buffer (20 mM Tris-HCl, pH7.6, 150 mM NaCl, and 0.05% (v/v) Tween 20), before blocking non-specific sites first with blocking buffer for 1 h and then with culture medium for 2 h. Glial cells were seeded at 10,000 cells per well and incubated overnight at 37 C in a humidified CO 2 incubator. The following day, the wells were replaced with fresh culture media containing either experimental compounds or vehicle controls, then incubated for an additional 3 days. In addition, on the same plate, but in separate wells, BDNF standards were added ranging in concentration from 15.6 to 250 pg/mL.
After three days incubation, the media was aspirated and 100 mL of Dulbecco's phosphate saline (D-PBS without Ca 2þ and Mg 2þ supplemented with 5 mM EDTA) was added to each well and incubated for 15 min at 37 C to promote cell lifting. Cells were then detached from the bottom of wells by triturating in the center and around the edges of the well. After removing all cell debris, the wells were rinsed five times with 150 mL of TBST. Bonferroni multiple comparisons post-hoc analysis (P < 0.05) was applied to determine significant differences between groups. When converted to pg/mL averaged BDNF values ± SEM (n ¼ 6 experiments) were: 75.4 ± 6.9 for baseline (vehicle control) and 128.6 ± 12.8 for maximal stimulation by 10 mM PGE 2 .
Measuring receptor density with radioligand binding
The density or maximum number of binding sites (B max ) for the S1R in CCF-STTG1, U87MG and BV-2 cells were estimated employing 2e10 nM of [ 3 H]-(þ)-pentazocine as radioligand followed by calculation of the B max at saturation using a square hyperbola model: been previously determined to be 3.7 nM (Schetz et al., 2007) .
Measuring ligand affinities at S1R and S2R receptors by radioligand binding
The affinity (K i ) values of compounds interacting with the S1R and S2R were determined by displacement of 0.5 nM [ 3 H]-(þ)-pentazocine from MCF-7-S1R and 2.5 nM [
3 H]DTG from untransfected MCF-7 cells, respectively. Binding conditions were the same as described previously for the S1R (Lee et al., 2008) : binding buffer (Tris 50 mM, pH ¼ 8.1 at 37 C), ice-cold wash buffer (Tris 10 mM, pH ¼ 8.1 at 0e2 C), and incubation time (3 h at 37 C) with shaking. Non-specific binding for the S1R and S2R was determined in the presence of 5 mM BD1063 and 15 mM haloperidol, respectively. Following incubation, receptors were collected via rapid filtration through GF/C filters (Brandel, Gaithersburg, MD) followed by washing three times with 3 mL of ice-cold wash buffer. Dried filters were transferred to vials filled with 3.5 mL of scintillation fluid, and the radioactivity was quantified on a liquid scintillation analyzer (Tri Carb 2800TR) from Perkin Elmer (Saint Louis, MO). Mean values from duplicate or triplicate determinations are reported along with their associated standard error of the mean (SEM). K i values were calculated from IC 50 values using the ChengPrusoff equation. The concentration of membrane protein was determined using a BCA Protein Assay kit (Life Technologies, Grand Island, NY) following the manufacturer's protocol.
Measuring ligand affinities at dopamine D2 receptor by radioligand binding
Ligand affinities at the D 2 R were determined by competition binding as described by us previously (Ericksen et al., 2012 ). Briefly, [ 3 H]methylspiperone (0.5 nM) was the radioligand and (þ)-butaclamol (10 mM) was used to define nonspecific binding. Membranes purified from cloned rat D 2L R stably expressed in HEK293 cells were incubated for 90 min in binding buffer consisting of Tris 50 mM, pH ¼ 7.4 at 22 C and then rapidly filtered with a Tris 50 mM, pH ¼ 7.4 at 0e2 C wash buffer. The remainder of the procedure and the calculation of affinity (K i ) values is as described above for the Sigma receptors.
qPCR to detect the BDNF gene expression
CCF-STTG1 cells were plated at density of approximately 1.5 million cells per T-25 flask. The following day, cells were either left untreated (No Additions) or treated for 3 h with vehicle (1:1000 v/v DMSO), 100 mM IBMX, 100 mM IBMX þ 100 mM forskolin, 100 mM haloperidol metabolite I, 10 mM haloperidol metabolite II or 10 mM 4-PPBP. Forskolin is a direct stimulator of adenylate cyclase and IBMX is a phosphodiesterase inhibitor. The 3 h time point was selected because time course testing at 0.25, 1, 3 and 12 h revealed a maximal effect for the forskolin positive control at 3 h. Following treatment, cells were lysed in Tri-Reagent and total RNA was extracted as described above using Direct-zol RNA MiniPrep Kit. A total of 2 mg of RNA was used to synthesize cDNA using the HighCapacity RNA-to-cDNA kit (Cat. No. 4387406, Life Technologies) as described in the manufacturer's protocol. A total of 100 ng of cDNA was used to perform each qPCR reaction using the TaqMan 
4448484))
. The data was normalized to the vehicle using the DDCt method.
Statistical analyses
Each data point for each experiment was sampled in triplicate and then each experiment was repeated three or more times. The data for all experiments were averaged and plotted as means ± SEM. To evaluate statistical significance, a one-way ANOVA, followed by Bonferroni's post hoc analysis was performed, and a P-value less than 0.05 was considered significant.
Results
The focus of this study was on the S1R-mediated BDNFsecreting effects of haloperidol and its metabolites on astrocytes. Radioligand binding was utilized to measure affinities and an in situ ELISA approach was utilized to evaluate BDNF secretion. Reduced haloperidol had affinity interactions with the cloned human S1R and facilitated BDNF secretion from two different human astrocytic cell lines via the S1R.
The astrocytic CCF-STTG1 cell line as a model for evaluating BDNF secretion
The human-derived astrocytic CCF-STTG1 cell line was selected for our studies due to noted similarities to native astrocytes (Mentz et al., 1999) and an endogenously expressed EP 2 receptor (EP 2 R) which served as a convenient source of a positive control for BDNF release when stimulated by prostaglandin PGE 2 (Hutchinson et al., 2009) . Utilizing this cell line and an in situ design that has been shown to have improved sensitivity related to its rapid capture of secreted BDNF (Balkowiec and Katz, 2000) , we developed and then validated an in situ ELISA for measuring secreted BDNF from glia in a 96-well format. A pilot time course study had revealed that 72 h stimulation provided the best balance of cell viability in the absence of media changes, the shortest assay time, and highest signal-tonoise ratio in the 96-well format (data not shown), thus all subsequent treatments were performed for 72 h. CCF-STTG1 cells treated with increasing concentrations of PGE 2 secreted BDNF in a concentration-dependent manner (Fig. 1A) . No additional BDNF secretion was achieved at PGE 2 concentrations beyond 10 mM (data not shown) indicating the effect was maximal at this concentration and for this reason this concentration of PGE 2 was used as a positive control for subsequent experiments. Even though it had no effect by itself, the EP 2 -selective antagonist PF-04418948 blocked the stimulatory effect of PGE 2 demonstrating that the response by this agonist was mediated via the EP 2 R (Fig. 1A ). The antagonist was tested at 10 mM to achieve maximum (99.9%) receptor occupancy (af Forselles et al., 2011) .
Because no published data accompanied literature claims of selectivity for proBDNF versus mature BDNF using a sandwich assay (Chen et al., 2006; Yoshida et al., 2012) , we tested the ability of the BDNF Emax ImmunoAssay kit (Promega) to discriminate between proBDNF (precursor) and mature BDNF (processed) under our in situ ELISA conditions. Specifically, we tested high and low concentrations of purified human proBDNF and mature BDNF under identical assay conditions. While mature BDNF produced a concentration-dependent increase in optical density signal at 450 nm over the range 16e125 pg/mL, no significant signal was detected for proBDNF at the highest concentration tested (125 pg/ mL) (Fig. 1B) . This demonstrates that the BDNF Emax ImmunoAssay kit detects only mature BDNF.
Having established that our in situ ELISA assay system detects mature BDNF secreted from CCF-STTG1 cells, we next sought to determine whether the S1R, like the EP 2 R, was capable of mediating BDNF secretion from this astrocytic cell line. The presence of the S1R protein was established by measuring the density of the S1R protein in cell membranes by utilizing the [ 3 H]-(þ)-pentazocine radioligand binding assay, and the maximum number of binding sites (B max ) was determined to be 0.41 ± 0.09 pmol/mg membrane protein.
Evaluation of S1R mediated BDNF secretion
In order to evaluate the ability of the S1R to mediate BDNF secretion when activated, CCF-STTG1 cells were challenged with the prototypical reference agonists 4-PPBP and (þ)-SKF10047, and the S1R reference antagonist BD1063. Both BD1063 and NE-100 are commonly employed S1R reference antagonists reported to have excellent selectivity over a number of GPCR off-targets, but also about a 50-fold selectivity over the S2R (Chaki et al., 1994; Matsumoto et al., 1995; Okuyama et al., 1993) . We evaluated empirically the claims of S1R over S2R selectivity as this was an important parameter to know for our next set of experiments involving antagonist inhibition of agonist responses. The reference antagonist BD1063 was chosen over NE-100, because in a parallel comparison BD1063 displayed a superior S1R over S2R selectivity profile ( Fig. 2 ): K i(S2R) /K i(S1R) ¼ 19-fold for NE100 versus K i(S2R) / K i(S1R) ¼ 37-fold for BD1063. The reference agonists 4-PPBP and (þ)-SKF10047, but not the reference antagonist BD1063, facilitated BDNF secretion from astrocytic cells. In the case of (þ)-SKF10047, a higher concentration (at the limit of its solubility in this assay) was needed to observe an agonist effect consistent with the relatively low affinity of this compound for the S1R (Lee et al., 2008) .
While BD1063 had no effect on its own, it significantly reduced BDNF secretion produced by the S1R agonists, but not the EP 2 R agonist PGE 2 (Fig. 3A) . BD1063 was applied at the S1R-selective concentration of 15 nM, which corresponds to a calculated S1R and S2R occupancy of 74% and 7%, respectively (Fractional Occupancy ¼ [ligand]/([ligand]þK i )). Though the extend of attenuation was less due to lower expected levels of S1R occupancy (27%), similar results were achieved using 2 nM BD1063, instead of 15 nM, to reduce S1R agonist responses (data not shown). PGE 2 was unable to displace specifically bound radiolabeled agonists from the S1R or the S2R (Fig. 3B) , indicating a lack of detectable interaction of PGE 2 with sigma receptors. These outcomes show that BDNF secretion from CFF-STTG1 glial cells can be mediated by activation of the S1R. For comparison, the BV-2 microglial cell line and the U87MG astrocytic cell line were evaluated for the presence of S1R, as well as the ability of the S1R to mediate BDNF secretion. Like the astrocytic CCF-SSTG1 cells, both the BV-2 and U87MG cell lines also express the S1R. In this report, using radioligand binding, we demonstrated that the S1R protein is also present in both the U87MG and the BV-2 cell lines. The maximum number of binding sites (B max ) in the U87MG and the BV-2 cells were estimated to be 2.0 ± 0.14 and 0.6 ± 0.1 pmol/mg membrane protein, respectively, based upon measurements of specifically bound [3H]-(þ)-pentazocine followed by calculation of the B max at saturation using a square hyperbola model as describe in the methods. However, in contrast to the astrocytic cell lines (CCF-STTG1 and U87MG), the reference agonist 4-PPBP failed to significantly stimulate the secretion of detectable levels of BDNF in the microglial (BV-2) cell line (exposure of BV-2 cells to 10 mM 4-PPBP produced a signal that was only 1.1 ± 0.06 fold above DMSO vehicle, P ¼ 0.4): no signal over vehicle control was observed, hence these cells were not evaluated further.
Elevation of brain BDNF has been shown to be beneficial in Fig. 1 . The endogenous prostaglandin EP 2 R present in CCF-STTG1 cells is capable of mediating mature BDNF secretion. A, The EP 2 R agonist PGE 2 facilitates BDNF secretion in a concentration dependent manner and is blocked by the EP 2 R antagonist PF-04418948. Statistical significant at P < 0.05 was determined by one-way ANOVA followed by a Bonferroni post-hoc test. * Different from Vehicle (EtOH). ǂ Different versus 10 mM PGE 2 . Levels of secreted BDNF were measured using in situ ELISA. Data is normalized to the response produced by endogenous EP 2 receptor. B, Only mature BDNF is detected under our in situ ELISA assay conditions. Human BDNF and proBDNF peptides were tested at different concentrations in the in situ ELISA assay, within the concentration range that the glial cells secreted BDNF. All optical density values were background subtracted.
rodent models of ischemic stroke (Espinera et al., 2013; Kim et al., 2009) . Thus, in an effort to gain insight into the possible mechanisms for the finding that a low dose of haloperidol (0.05 mg/kg) protected against acute ischemic stroke (Schetz et al., 2007) , haloperidol and its major metabolites having measurable affinity for the S1R were evaluated for their ability to mediate BDNF secretion from two astrocytic cell lines. Haloperidol metabolite I and reduced haloperidol (metabolite II), but not haloperidol, facilitated BDNF secretion from both the CCF-STTG1 and U87MG cells (Fig. 4AeB) . A higher concentration of haloperidol metabolite I was used since it has >75-fold lower affinity for the S1R than haloperidol and reduced haloperidol (Lee et al., 2008) : affinity (K i ) ¼ 1.7, 1.5 and 128 nM for haloperidol, reduced haloperidol, and metabolite I, respectively. Since haloperidol metabolite III (3-(4-Fluorobenzoyl) propionic acid) has essentially no detectable affinity for the S1R (Lee et al., 2008 ), it was not tested here. While the S1R antagonist BD1063 had no effect on its own, it significantly diminished BDNF secretion produced by haloperidol metabolites I and II (Fig. 4 ). These findings demonstrate that reduced haloperidol and to a lesser extent haloperidol metabolite I act as functionally-selective S1R agonists in the context of BDNF secretion.
Comparison of the affinity of haloperidol and its metabolites at the S1R and D 2 R
Previous studies investigating differences in the binding of haloperidol and its primary metabolite, reduced haloperidol, to the S1R and the D 2 dopamine receptor (D 2 R) were conducted with low levels of receptors obtained from tissue sources (Korpi and Wyatt, 1984) . Thus, we re-investigated the reported differences using cloned receptor systems (Fig. 5) . The measured affinities for both haloperidol and its metabolite reduced haloperidol for the S1R were indistinguishable (Fig. 5A) . In contrast, reduced haloperidol had a >350-fold lower affinity for the D 2 R than the parent compound haloperidol (Fig. 5B) . These results indicate that reduced haloperidol readily discriminates between S1R and D 2 R, which is consistent with previous reports.
Effect of haloperidol metabolites on the BDNF steady-state mRNA level
Since some S1R ligands have been reported to increase BDNF mRNA levels (Moriguchi et al., 2015; Peviani et al., 2014; Ring and Regan, 2013) , qPCR was utilized to assess the ability of Fig. 2 . The antagonist BD1063 has greater selectivity for S1R over S2R than does the antagonist NE100. Human MCF-7 cells were used as the source of the S2R because these cells express the endogenous S2R but lack detectable levels of the S1R (Schetz et al., 2007) . MCF-7 cells stably expressing the cloned human S1R were used as the source of S1R and the high affinity S1R selective radioligand [ ]-DTG at human S1R and S2R, respectively. The corresponding IC 50 and K i values (nM) ± SEM are: 6.5 ± 0.87 and 5.3 ± 0.71 for S1R and 208 ± 30 and 194 ± 28 for S2R. Fig. 3 . Prototypical S1R agonists facilitate secretion of BDNF from CCF-STTG1 cells. Levels of secreted BDNF were measured using in situ ELISA. Data is normalized to the maximal response produced by stimulation of endogenous EP 2 receptors. A, The S1R reference agonists 4-PPBP and (þ)-SKF10047, exert a robust BDNF secretion response that is reduced by a S1R-selective dose of the S1R reference antagonist BD1063. However, BD1063 does not modify the PGE 2 stimulated response mediated by EP 2 R. B, At a concentration that causes maximal secretion of BDNF via interactions with the EP 2 R, PGE 2 (10 mM) is unable to displace specific bound radioligand from either S1R or S2R. haloperidol metabolites to increase BDNF mRNA levels in CCF-STTG1 cells (Fig. 6) . Forskolin was used as a positive control, because it has been shown previously to increase BDNF expression (He et al., 2010) . A 12 h pilot time course study using forskolin had revealed that a 3 h treatment resulted in the maximal stimulation of BDNF expression (data not shown), and thus all subsequent treatments were performed at this time point. The phosphodiesterase inhibitor, IBMX, was used to keep the forskolin-stimulated levels of intracellular cAMP high, though by itself it had no effect on BDNF expression. Forskolin produced a >3-fold increase in BDNF expression demonstrating that our assay conditions were appropriate for detecting changes in the expression of this neurotrophin. At concentrations that produced a robust S1R-mediated secretion of BDNF (Figs. 3 and 4) , neither the S1R reference agonist 4-PPBP nor the haloperidol metabolites changed BDNF mRNA levels (Fig. 6 ). These findings indicate that S1R agonists do not change the steady state levels of BDNF mRNA in the CCF-STTG1 cells within the time frame tested.
Discussion
A number of new findings are presented here. First, we report on the implementation of an in situ ELISA for measuring secreted BDNF from human glial cell lines in a 96-well assay format. Second, we demonstrate that activation of the S1R mediates BDNF secretion from astrocytic CCF-STTG1 and U87MG cells. Third, haloperidol metabolites I and II are shown to mediate BDNF secretion via their functionally-selective interactions with the S1R. The relevance to the current knowledge and practice of each of these findings are detailed below.
By modifying the approach originally described by Balkowiec and Katz, 2000, an in situ ELISA for measuring secreted mature Fig. 4 . Haloperidol metabolites I and II, but not haloperidol, stimulate S1R-mediated BDNF secretion from the astrocytic glial cell lines CCF-STTG1 and U87MG. Levels of secreted BDNF were measured using in situ ELISA. A, S1R-mediated BDNF secretion in the CCF-STTG1 cell line. B, S1R-mediated BDNF secretion in the U87MG cell line. Data is normalized to the maximum response produced by PGE 2 (for CCF-STTG1) or 4-PPBP (for U87MG). Statistical significance at P < 0.05 was determined by ANOVA followed by a Bonferroni post-hoc test. * Different from Vehicle (DMSO). ǂ Different versus corresponding treatment in the absence of the antagonists BD1063.
BDNF in a 96-well format was developed and validated in CCF-STTG1 cells, because this astrocytic glial cell line closely resembles native astrocytes (Mentz et al., 1999) and was reported to contain an endogenous EP 2 R that mediates the secretion of BDNF when stimulated (Hutchinson et al., 2009) . Relying on the endogenous EP 2 R-BDNF system in CCF-STTG1 cells allowed us to focus on miniaturization of the assay format. The in situ ELISA improves on traditional ELISA by seeding BDNF-secreting cells directly into the wells pre-coated with an anti-BDNF primary antibody. The BDNF secreted by these cells is immediately captured by the primary antibody, drastically increasing the sensitivity and reproducibility of the ELISA assay. Intact cells are removed subsequent to the addition of the secondary and tertiary antibodies. While the previous report by Hutchinson et al., 2009 had used standard ELISA and a 6-well plate format and a 24e48 h treatment, we were able to achieve similar results using a 96-well plate format, a 72 h treatment, and an in situ ELISA approach. Validation of the new assay system included demonstrating that the BDNF secreted from CCF-STTG1 cells was mediated in a concentration-dependent and saturable manner by the EP 2 R agonist PGE 2, and that this stimulatory effect could be blocked by the EP 2 R-selective antagonist PF-04418948. A number of commercially-available assays for 6 . Forskolin, but neither haloperidol metabolites nor the S1R reference agonist 4-PPBP, increase steady state BDNF mRNA levels as determined by qPCR. CCF-STTG1 cells were treated with vehicle, IBMX, forskolin þ IBMX, haloperidol metabolite I and II, and 4-PPBP for 3 h. Three hours was selected because a time course study revealed that 3 h stimulation resulted in the maximum response for forskolin. Forskolin was used as a positive control because it was previously shown to increase BDNF mRNA levels (He et al., 2010) . IBMX was utilized to prevent cAMP degradation and as expected, it had no effect on BDNF mRNA levels in the absence of forskolin. Haloperidol metabolite I and II and 4-PPBP also had no effect on BDNF mRNA levels. Only forskolin was able to induce a >3 fold increase in BDNF mRNA levels. Statistical significance at P < 0.05 was determined by ANOVA followed by Bonferroni post-hoc test. * Different from vehicle (DMSO).
measuring BDNF exist and during our initial survey of cost, convenience and performance in initial test runs of sample kits, we selected the BDNF Emax Immuno Assay kit (Promega). However, while studies of specificity for BDNF over other neurotropic factors have been established, the manufacturer makes no claims as to which form(s) of BDNF is detected. i.e., mature versus proBDNF. The only published reports that we could find with such claims presented no supporting data (Chen et al., 2006; Yoshida et al., 2012) . Further, a recent report concerning claims of selectivity used dot blotting, instead of an ELISA approach, for the evaluation (Polacchini et al., 2015) . For these reasons, we tested the ability of the BDNF Emax ImmunoAssay kit (Promega) to detect proBDNF and mature BDNF using purified human proBDNF and mature BDNF, and, under identical assay conditions, we found that only mature BDNF was being detected. While one might assume that because BDNF is derived from cleavage of proBDNF, antibodies which detect BDNF must also detect proBDNF, however, there are rational reasons that this does not necessarily have to be the case. For instance, only mature BDNF has an N-terminus preceding the amino acids that mark the beginning of the mature BDNF sequence, proBDNF contains a large region capable of masking parts of the BDNF sequence (Tettamanti et al., 2010) , and there may also be subtle conformational differences between the two forms as well. Such differences could account for our observation that the BDNF Emax Immuno Assay kit detects mature BDNF over proBDNF under our in situ ELISA conditions. The S1R-preferring agonist cutamesine (SA4503) (Lever et al., 2006) has been shown to facilitate the trafficking, processing and secretion of mature BDNF from a rat neuronal B104 cell line, and this BDNF secretion was blocked by a high concentration (1 mM) of the S1R-preferring antagonist NE-100 (Moon et al., 2014 ). Here we demonstrate for the first time that the S1R is present in human astrocytic CCF-STTG1 glial cells, its activation mediates the secretion of BDNF, and this agonist-stimulated secretion is attenuated by a selective concentration (15 nM) of the S1R-preferring antagonist BD1063. Our finding is in line with a recent report where BDNF release from astrocytes derived from a rat primary cortical culture was induced by the novel S1R agonist, LS-1-137 (Malik et al., 2015) . Other studies investigating pathological conditions that lead to activation of astrocytes have indicated a role for S1R ligands in reducing astrocytosis (Moon et al., 2014; Peviani et al., 2014; Robson et al., 2014) . While only the study using the agonist PRE-084 suggested a BDNF mechanism, all of these studies suggest the presence of the S1R in astrocytes, which is consistent with our finding of its existence in the astrocytic CCF-STTG1 cell line. Both S1R and BDNF were present in BV-2 microglial cells, yet treating these cells with an S1R agonist did not facilitate BDNF secretion. Although activated microglia (Nakajima et al., 2001; Sun et al., 2014) , including a murine N9 microglial cell line (Gomes et al., 2013) , are capable of secreting BDNF, our finding is in agreement with numerous studies indicating that the S1R is present in microglia and can modulate injury or toxicant-induced microgliosis by various mechanisms not involving BDNF (Behensky et al., 2013; Cuevas et al., 2011; Dong et al., 2016b; Gekker et al., 2006; Hall et al., 2009; Mancuso et al., 2012; Moritz et al., 2015; Robson et al., 2013; Wegleiter et al., 2014; Wu et al., 2015; Zhao et al., 2014) . Alternatively, the BV-2 cell line may lack the necessary machinery for investigating S1R-BDNF interactions in microglia or the microglia may need to be activated in order to study the effect.
Multiple recent studies support the idea that drugs which increase brain BDNF would be beneficial for the treatment of ischemic stroke at delayed time points. Daily dosing of the selective serotonin reuptake inhibitor (SSRI) citalopram for seven days after transient middle cerebral artery occlusion increases brain BDNF levels, improved functional recovery and correlated with BDNFmediated increases in neurogenesis and angiogenesis in the periinfarct region (Espinera et al., 2013) . This preclinical result showed that a CNS-penetrating drug improves functional recovery from ischemic stroke via a BDNF mechanism. Other drugs that elevate brain BDNF, such as the histone deacetylase (HDAC) inhibitor sodium butyrate, promote functional recovery and neurogenesis in a transient ischemic stroke rat model (Kim et al., 2009 ). This effect was prevented by inhibiting the TrkB (BDNF) receptor. In a previous study, haloperidol, reduced haloperidol and a number of differentially halogenated analogues of haloperidol were shown to have high affinity for the S1R that correlated well with their in vitro neuroprotective potencies against an oxidative stress trigger, and further, an acute low dose of haloperidol (0.05 mg/kg, s.c.) protected rats against an ischemic stroke (Schetz et al., 2007) . While it was clear that haloperidol interacts with the S1R, less clear was the mechanism by which haloperidol exerted its protective effects in the stroke model. In this report we demonstrate that two of haloperidol's metabolites stimulate the secretion of BDNF from a glial cell line with reduced haloperidol being more potent than metabolite I, which is consistent with the latter's lower affinity for the S1R. This new finding for haloperidol metabolites may help explain the beneficial effect in the stroke model observed for haloperidol. Our studies cannot, however, rule out that haloperidol or its metabolites might have other functionally selective actions that mediate its acute protective effect. These might include, as has been shown for S1R agonists, a reduction in pro-inflammatory cytokines and enhancement of anti-inflammatory cytokines (Allahtavakoli and Jarrott, 2011; Shen et al., 2008) or a reduction in inflammatory levels of nitrosative stress (Goyagi et al., 2001) .
Haloperidol and reduced haloperidol have nanomolar affinity for the S1R but a micromolar concentration was needed to observe facilitation of BDNF release in vitro. This discrepancy between the measured affinity and in vitro potency values is consistent with the reports of others who have observed the same phenomena for other S1R ligands that facilitate BDNF secretion Malik et al., 2015) , or other S1R drugs that produce other S1R-mediated functional outputs such as neurite sprouting or changes in intracellular calcium (Brimson et al., 2011; Ishima et al., 2008 Ishima et al., , 2014 Ishima and Hashimoto, 2012; Nishimura et al., 2008; Wu and Bowen, 2008) . Though reason for the discrepancy between the affinity and potency is not entirely clear, the findings of this study nevertheless provide new insight into the structureactivity relationship and functional selectivity of haloperidol metabolites at the S1R.
The in situ ELISA results measuring secreted BDNF and the qPCR measuring changes in BDNF mRNA indicate that while the S1R agonist 4-PPBP and haloperidol metabolites I and II each facilitate BDNF secretion, none of them influence the message level. While this finding is consistent with the report that the S1R ligand E-5842 failed to increase the expression of BDNF mRNA in rat brain (Ovalle et al., 2002) , E-5842 has not been assigned functional properties as an agonist or antagonist of the S1R making a direct comparison with our studies difficult (Ulrich et al., 1999) . The reported antipsychotic properties of E-5842 are due to its ability to block D 2 R (Ovalle et al., 2002) . This is also the case for haloperidol which has similar affinity for S1R and D 2 R, because reduced haloperidol retains high affinity for S1R, has drastically reduced affinity for D 2 R, and it lacks the D 2 R-mediated antipsychotic activity and side effects of the parent compound haloperidol (Ulrich et al., 1999) . Atypical antipsychotic drugs like clozapine, olanzapine, quetiapine, and aripiprazole have been reported to increase BDNF mRNA and/or protein levels in vivo (Chen et al., 2015b; Dong et al., 2016a; Fumagalli et al., 2003; Murphy et al., 2014; Park et al., 2006; Seo et al., 2015; Shioda et al., 2015) . Though in the case of these atypical antipsychotic drugs, the effects on BDNF are likely not mediated via the S1R, since, for example, clozapine has essentially no affinity for the S1R (Lee et al., 2008) . Both haloperidol and its metabolite II have similarly strong high affinity interactions with the cloned S1R, while its metabolite I has moderate affinity and metabolite III has essentially no detectable affinity for S1R (Lee et al., 2008) . However, in contrast to atypical antipsychotics, the typical antipsychotic haloperidol has been reported to either have no effect on BDNF (Dong et al., 2016a; Seo et al., 2015) or to exacerbate the reduction in BDNF levels mediated by the NMDA receptor antagonist MK-801 (Fumagalli et al., 2003) . Thus, while previous studies have shown that haloperidol does not affect BDNF message or protein levels, none of those studies tested the effects of haloperidol or its metabolites on BDNF secretion. The present study demonstrates that haloperidol metabolites I and II, but not haloperidol, facilitate the secretion of mature BDNF from astrocytic cells via their functionally selective interactions with the S1R. While the mechanism by which S1R facilitates BDNF secretion is not well understood and is not the focus of this study, we offer the following speculation. It has been reported that BDNF trafficking is modulated by sortilin and Huntingtin-associated protein 1 (HAP1) (Evans et al., 2011; Yang et al., 2011) . Sortilin has been shown to colocalize with BDNF in secretory granules of neurons and influence activity-dependent BDNF secretion (Chen et al., 2005) . Knockdown of sortilin reduced activity-dependent secretion of BDNF and enhanced constitutive secretion (Chen et al., 2005) . Similarly, HAP1 also colocalizes with BDNF, and enhances activity-dependent BDNF secretion in neurons (Wu et al., 2010; Yang et al., 2011) . HAP1 knockdown reduced activity-dependent BDNF secretion, however, in contrast to sortilin knockdown, HAP1 knockdown did not enhance constitutive secretion (Wu et al., 2010 ). Though we did not find any link between the S1R, and sortilin and HAP1 in the literature, it is possible that S1R could suppress the activity of sortilin or a sortilin-like protein and thereby enhance constitutive BDNF secretion. Though it appears that HAP1 is not involved in constitutive BDNF secretion, it is not known how a potential interaction with the S1R might influence HAP1-mediated constitutive BDNF secretion. The in vivo mechanism is likely going to be more involved due to the complex interplay between neurons and glia, which may play an important role in modulating BDNF secretion.
Conclusion
Amongst the key finding of these studies is that human-derived CCF-STTG1 cells appear to serve as a viable immortalized cellular system for studying S1R-mediated facilitation of BDNF secretion from astrocytes. In contrast, S1Rs present in BV-2 microglial cells do not seem to mediate BDNF secretion when tested under the same conditions. The measured increase in extracellular mature BDNF upon stimulation of the S1R in astroglia is consistent with the reported enhanced processing and secretion observed in a B104 neuronal cell line , as it does not involve an increase in BDNF steady state mRNA levels. Reduced haloperidol is a primary metabolite of the antipsychotic drug haloperidol and is a high affinity S1R ligand whose BDNF functional selectivity profile is consistent with a S1R agonist; however, haloperidol does not share the same functional properties. Given the importance of the surrounding glial environment to neuronal processes including resilience to inflammatory insults and neurogenesis, our finding may help explain the previously reported observation that low dose haloperidol reduces ischemic lesion volume following transient middle cerebral artery occlusion (Schetz et al., 2007) . 
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